Improvement of the poly-3-hexylthiophene transistor performance using small 

molecule contact functionalization 
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We demonstrate an approach to improve poly-3-hexylthiophene field effect transistors by mod- 
ifying the gold contacts with monolayer thick pentacenequinone (PQ) or naphthalene (NL). The 
effective contact resistance is reduced by a factor of two and sixteen for interlayers of PQ and NL, 
respectively. The observation is attributed to different injection barriers at the metal-organic in- 
terface caused by the functionalization and to an additional tunneling barrier enhancing the on/off 
ratios. This barrier yields to activation energies of 37meV (NL) and 104meV (PQ) below 190K, 
which are smaller than without functionalization, 117meV. 



In recent years polymer electronics came into the focus 
of research due to their low cost potential and solution 
processability. In this context, poly-(3-hexylthiophenc) 
(P3HT) has become one of the prototypical candidates 
for device applications due to its high field effect mobil- 
ities for holes of up to 10 _1 cm 2 V _1 s _1 The charge 
transport mechanism is ascribed to hopping of charge 
carriers between localized states @, Q resulting in rather 
low mobilities, in contrast to inorganic semiconductors. 
Additionally, P3HT displays a high sensitivity on the ir-ir 
stacking of the hexylthiophene chains [4|]. 

Though many efforts have been spent on improving the 
effective hole mobility in P3HT films, less activities ad- 
dress the issue of charge injection at the metal-polymer 
interface [5j, [6j, [7j . The underlying mechanisms turn out 
to be very complex and cannot simply be described by 
thermionic emission or tunneling through a potential bar- 
rier, but rather by thermally assisted tunneling from de- 
localized metal states into the spatially and energetically 
distributed localized states of the polymeric semiconduc- 
tor 0]. To achieve high performance P3HT field effect 
transistors (FETs) the optimization of the contact resis- 
tance is inevitable. 

We modified the metal-polymer interface by adsorb- 
ing monolayers of small polyaromatic molecules. Similar 
approaches using alkanethiole monolayers chemisorbed 
on Au contact structures have been reported in liter- 
ature However these self-assembled interlay- 
ers have the drawback of long chains, yielding rather 
thick tunneling barriers. In our approach, we used 
the oligoacenes pentacenequinone (PQ) and naphthalene 
(NL) each having the 7r-electron system delocalized over 
two aromativ rings, in combination with Au bottom con- 
tacts. As both molecular species show large ionization 
energies (IE) of 6.4 eV (PQ) and 8.15 eV(NL) 0,[H,[ll, 
they form tunneling barriers for hole injection into the 
P3HT highest-occupied molecular orbital (HOMO) lo- 



calized at IE = 4.9 eV [14J. Moreover as confirmed by 
tunneling microscopy studies, such polyaromatic entities 
prefer a flat-lying orientation on top of metal surfaces, 
i.e. the barrier of our functionalized contacts is about 
3 A thick. Finally, photo-electron spectroscopy data on 
PQ on Ag have shown that the HOMO position of a sub- 
sequent oligoacene layer, in this case pentacene can be 
substantially shifted by about 0.7 eV towards the metal 
Fermi-level 121. 
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We observe that at room temperature transistors with 
contact modification by PQ and NL exhibit smaller con- 
tact resistances and accordingly larger injection currents 
than transistors without functionalization (WF). Tem- 
perature dependent measurements revealed a thermally 
activated contribution to the injection which can be fur- 
ther discriminated by a low and a high temperature 
regime. We discuss possible origins of our findings in the 
context of the formation of interface dipoles and ther- 
mally induced conduction state narrowing in the poly- 
meric transport layer. 

The FETs, sketched in Figure [TJ consist of a 200 nm 
thick Si02 dielectric thermally grown on top of highly n- 
doped Si(001). Interdigitated bottom contact structures 
were prepared by photolithography with channel lengths 
L between 10 /im and 320 /jm and widths W between 
37.5 mm and 119 mm. The thermally evaporated con- 
tacts consist of 19 nm Au on-top of a 1 nm thick Ti adhe- 
sion layer. We completed standard cleaning procedures 
by ultrasonification in acetone and isopropanol. Contact 
functionalization by PQ has been carried out by subli- 
mation of 2 nm PQ under high vacuum (10 -7 mbar) at 
substrate temperatures of 80° C. During the subsequent 
annealing step at 140° C for 2 hours most of the PQ was 
desorbed from the Si02 and the Au surfaces as confirmed 
by thermal desorption spectroscopy (TDS). Furthermore, 
as a result from normalized TDS, we expect an interfa- 
cial layer of PQ to remain on the Au contacts due to the 
polarizability of the metal surface. 

As the vapor pressure for NL at room temperature is 
high, simple exposure in a closed vessel for 18 hours is suf- 
ficient to deposit NL monolayers on the FET substrates. 
To desorb the NL multilayers the vessel with the sam- 
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FIG. 1: (Color online) Transfer characteristic for fets with 
each L — 40/im and W = 96mm for different functional- 
izations as indicated by the legend. Inset: The basic bottom 
contact structure with functionalization (blue interlayer). 



pies was pumped to a pressure of 10~ 3 mbar. Finally, 
all substrates were spin coated with 0.1 wt% rr-P3HT 
(98% regio-regular; Rieke Metals, without further purifi- 
cation) solved in chlorobenzene at 3000 rpm for 60 s and 
subsequently annealed for 30 min at 80° C under nitro- 
gen atmosphere. 

As displayed in Fig. [2] all FET devices show the expected 
output characteristics with an almost linear slope in the 
low voltage region and a saturation behavior for higher 
voltages. However, the source-drain current is increased 
for the functionalized contact structures compared to 
that of the bare Au bottom contacts. Also, the function- 
alized FETs exhibit a more linear, i.e. ohmic, behavior at 
low Vdi whereas the FET without functionalization re- 
veals a more pronounced s-shape, indicating an injection 
limited current (see inset in figurej^]). Vice versa this im- 
plies that the effective contact resistance is reduced for 
the PQ and NL covered contacts. Comparing the output 
characteristics at different channel lengths (not shown), 
the relative improvement by functionalization is best for 
short L, since in short channels the contribution of the 
contact resistance to the total resistance of the FET is 
more pronounced. This observation is quite promising as 
short-channel transistors are the central building blocks 
for high frequency applications (l8j . 

Assuming the channel resistance to be proportional to 
the length L, we extracted the contact resistance Rc uti- 
lizing the transfer line method (TLM) [l5| . For this pro- 
cedure, the total resistance at low Vd is plotted versus L 
for different Vq. The extrapolation to length zero reveals 
the bare contact resistance, which is almost independent 
of Vq. Table [T] exemplarily shows the respective values 
at Vg=-50V for the different device structures at room 
temperature. Obviously, the chosen functionalization sig- 
nificantly reduces the contact resistance by a factor of 2 




V D (V) 

FIG. 2: (Color online) Output characteristics for fets with 
each L = 40/im and W = 96mm for different functionaliza- 
tions as indicated by the legend. Inset: output characteristics 
for V G -V th =-50V at low V D . 



for PQ and by a factor of 16 for NL. From the slope of 
the length dependent total resistance we extracted the 
corrected mobility. The PQ and NL functionalization af- 
fects solely the film structure at the contact areas but not 
in the SiC>2 channel as can be concluded from the similar 
hole mobilities of about 10~ 3 cm 2 /Vs (see Table [XJ) . 

As an additional effect, the off-current for PQ and NL 
functionalization is found to be lower than for the bare 
P3HT-Au transistors (Fig. [T|). Therefore we obtain an 
increase of the on/off ratio by more than one order of 
magnitude for the NL and even two orders of magnitude 
for the PQ functionalized contacts compared to WF. We 
attribute the effect to the tunnel barrier imposed by the 
wide band gap oligoacene functionalization, which ham- 
pers charge carrier injection across the interface at small 
applied gate voltages. 

To elucidate possible microscopic mechanisms lead- 
ing to the observed contact resistance of our P3HT de- 
vices, we performed temperature dependent FET mea- 
surements between 100 K and 300 K. Figure [3] shows the 
thermal behavior of the contact resistance normalized to 
their room temperature values. We determined the con- 
tact resistance by an alternative method suggested by 
Horowitz et al. [17| using the transconductance and the 
drainconductance. The advantage of this method com- 
pared to TLM is that only one channel length is required 
and therefore irreproducible exposure to air upon switch- 
ing between FETs of different lengths is avoided. Ex- 
tracted values for T=150K are listed in Table Q] From 
the Arrhenius-type diagrams, two regions with different 
thermal activation energies can be distinguished for all 
devices. A regime of high thermal activation energy be- 
tween 300 K and 190 K is followed by a region of lower 
thermal activation. This temperature behavior is be- 
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lieved to originate from the subtle balance between in- 
jection and transport and will be addressed in further 
comparative studies on high mobility organics such as 
pentacene. The respective values for the activation en- 
ergies are listed in Table |TJ The activation energy in the 
high temperature part is identical for all FETs and can be 
attributed to a thermally activated hopping mechanism. 
At low temperature the activation energy for functional- 
ized FET is lower than for bare contacts. This can be 
attributed to an injection dominated by the tunneling 
through the additional barrier. In this temperature re- 
gion thermally activation gets underpart. Furthermore, 
the temperature behavior of the mobility shows a sim- 
ilar behavior as the contact resistance. This indicates 
unambiguously that the contact resistance is not only 
determined by the bare injection at the metal-polymer 
interface but also by the subsequent drift of the injected 
charge carriers. Therefore, similar activation energies are 
attributed to both processes. 



TABLE I: Contact resistance Rc, mobility fi, activation en- 
ergies Ea for field effect transistors with PQ, NL and without 
functionalization (WF). 



sample 


Rc (torn) 


/i (cm 2 V" 


V 1 ) 


E A (meV) 




RT 


150K 


RT 




Tjiigh Ti ow 


WF 


16xl0 4 


79xl0 7 


1x10" 


-3 


219 117 


PQ 


7xl0 4 


34xl0 7 


1x10" 


-3 


200 104 


NL 


lxlO 4 


6xl0 7 


1x10" 


-3 


217 37 



can extract slopes nearly value of 1 for all three devices 
which indicate low Schottky barriers in all cases. By 
simulation of the Eq. Q] we were able to calculate the 
Schottky barrier to 83 meV for NL and 72 meV for PQ 
functionalization and 72 meV WF. 

As a main result, we observe lower activation ener- 
gies in the low temperature region for transistors with 

T (K) 

300 233 191 162 140 124 111 100 
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FIG. 3: (Color online) Temperature dependent data of the 
contact resistance at Vg — Vth = — 20F for samples with PQ 
and NL and WF, respectively, as indicated by the legend. 



This correlation between the resistance and mobility 
lead to a different view of the commonly accepted resistor 
model to describe the injection into FETs. The assump- 
tion of three independent resistors, for source, channel 
and drain is not valid in any case and might lead to mis- 
estimations. To further examine the mobility dependence 
of the contact resistance, we fit our data to a model for 
the thermal injection current Ii n j suggested by Scott and 
Malliaras @, EH] . 

j^— cx I inj (T) = K(T,F)n(T)cM-^§) (1) 

K(F, T) is a factor which depends on the temperature 
T and the electric field F. A double logarithmic plot of 
the contact resistance Rc vs. the mobility n using Eq. [T] 
shows a linear behavior with slope 1 for a Schottky bar- 
rier of $b = eV. The slope differs from 1 if $b 7^ eV. 
From our normalized data for Rc vs. fi (not shown) we 



functionalized contacts. This can be explained by the 
dominating tunneling probability through the additional 
barrier and therefore a better injection behavior for low 
temperatures for functionalized FET due to a negligible 
temperature dependent of the tunneling current. The 
lower activation energies at low temperature can be at- 
tributed to a thermally assisted tunneling. 

In summary, we demonstrated a possible route of im- 
proving the injection characteristics in P3HT FETs by 
means of PQ or NL functionalized Au bottom contacts. 
The higher source drain currents can be ascribed to an 
additional interface dipole caused by the polyaromatic in- 
terlayer [19j . The temperature dependent measurements 
revealed lower activation energies for devices with func- 
tionalized contacts especially below 190 K. At second, we 
explained this observation to an higher tunneling proba- 
bility through the additional interlayer. 
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